In this study, a long-period fiber grating (LPFG) based optical fiber sensor device is proposed for simultaneous detection of liquid level and refractive index. When part of the grating was submerged in an unknown liquid, the resonant wavelength of each cladding mode of the LPFG sensor varied linearly with the submerged length and nonlinearly with the refractive index of the liquid. By retaining the first-order (sensitivity) and second-order (cross sensitivity) terms of a Taylor expansion of the nonlinear relation, the changes in submerged length (or liquid level) and refractive index can be simultaneously evaluated from the changes in resonant wavelength of two cladding modes. The sensitivity coefficients to liquid level, refractive index, their cross effect, and environmental effects were studied both analytically and experimentally. The maximum prediction error by the proposed evaluation algorithm was found to be 1 mm for liquid level and 0.005 for refractive index.
INTRODUCTION
An accurate assessment of both the level and type of liquid is critical in many applications such as water resources, environmental engineering, flood monitoring, and chemical processing and storage. Due to high sensitivity to environmental factors, long-period fiber grating (LPFG) sensors have been individually investigated for the measurement of refractive index and liquid level since the first successful fabrication in 1996 [1~3].
The resonant wavelength of LPFGs is a strong function of the change in its surrounding refractive index, which forms the basis of LPFG sensing. Thus, LPFGs is principally a refractive index (RI) sensor and, as such, has attracted wide attention from the research community since the invention of LPFG sensors. For example, the resonant peak changes of LPFGs induced by a change of ambient RI were first investigated in 1997 [4] and in 1998 [5] . The sensitivity of LPFG sensors for RI detection was further studied for the conditions of environmental RI lower [6] or higher than the effective RI of fiber cladding [7, 8] . To improve the sensitivity of LPFG refractors, various LPFG fabrication processes were studied, including Ultraviolet (UV light) [1~8], mechanically [9] , and CO 2 laser [10] , femtosecond laser [11] induced LPFGs. In addition, random-hole fibers modified from single-mode fibers were introduced [12] .
To minimize or eliminate the nonlinear response of LPFG refractors, which limits their wide applications, special designs of LPFGs with linear response using experimental and theoretic generic algorithms were investigated [13, 14] . With their enhanced RI sensitivity, LPFG-based devices for chemical concentration measurements were developed [15, 16] . The previous research studies demonstrated that LPFG sensors possess high sensitivity and accuracy for environmental RI detection.
High RI-sensitivity LPFG sensors were also applied for liquid level measurements when partially submerged in particular liquids. For example, a potential use of LPFG sensors for oil level detection was demonstrated in 2001 [17] . Their experiments indicated a large linear range of the wavelength-level relation with a high sensitivity of 4.8% wavelength change per millimeter change in oil level. Liquid level detection was also reported with a 100 mm-long grating sensor in 2009 [18] , a regular LPFG sensor in 2012 [19] , and an LPFG modified Mach-Zehnder Interferometer in 2011 [20] . These advances of LPFG 3 liquid level sensors further led to the development of reflective LPFG series for simultaneous fluid level and velocity detection [21] .
However, to date, LPFG sensors have not yet been applied for a simultaneous detection of liquid level and type (environmental RI) like fiber Bragg grating sensors and plastic fiber sensors [22, 23] . In this study, an LPFG-based optical fiber sensor device is proposed and developed for the measurement of both liquid level and refractive index. The device consists of two parallel LPFGs and one glass tube. One LPFG is installed outside the glass tube with two ends bonded on the glass tube and the other LPFG is installed in parallel inside the glass tube with two ends of the glass tube sealed. The LPFG outside the glass tube is the main sensing component for a simultaneous measurement of liquid level and surrounding RI; the one inside the glass tube is for temperature and pressure compensations. The LPFGs used in this paper are fabricated with CO 2 -laser irradiation. Two cladding modes of an LPFG sensor, e.g. LP 06 and LP 07 , were used to relate the liquid level and environmental RI to the change in resonant wavelengths of the LPFG sensor. A simple algorithm for simultaneous determination of the liquid level and environmental RI (then type of the liquid) was analytically formulated and experimentally validated.
PRINCIPLES OF OPERATION
LPFGs with periodical changes along an optical fiber can couple the light propagating in the fiber core to various forward propagating cladding modes. Due to high optical loss of the cladding modes, a number of distinctive resonant valleys can be identified in the transmission spectrum of a typical LPFG sensor. The LPFGs used in this study were fabricated with a CO 2 laser irradiation technique [24] 
Specifically, Eq. (3) includes the first-order RI change induced effect, first-order liquid level change induced effect, and the second-order cross-sensitivity between RI and liquid level.
Sensitivity to Surrounding Refractive Index
When the gratings are fully submerged into the liquid, the sensitivity of the gratings to the 
in which γ m describes the waveguide dispersion for cladding mode LP 0m , which is positive for lower cladding modes and negative for higher cladding modes with a sign change point as a function of the resonant wavelength range [29] ; u m is the m th root of the zero th -order Bessel function of the first kind, r cl is the radius of the cladding; and n cl is the RI of the cladding. It can be clearly seen from Eq. (5) that K n,m is a nonlinear function of the resonant wavelength and the surrounding RIs. Previous researches showed that CO 2 laser induced LPFGs change the sign of their waveguide dispersion around 10 th mode for RI sensing [30] . As such, when the cladding mode is lower than 10 th mode, K n,m remains negative in almost all application cases, leading to a downshift of resonant wavelength of the grating as the liquid RI increases [31] . The higher the order of a cladding mode, the more sensitive the mode is to surrounding RI [29] .
To simplify the process of determining multiple parameters (e.g. liquid level and surrounding RI), piecewise linear approximation is applied to linearize K n,m in various ranges of the surrounding RI using optimized data points obtained following the published procedure [32] .
Sensitivity to Liquid Level
With a given surrounding refractive index, the resonant wavelength of an LPFG sensor can be calculated as a function of the full width at half maximum (FWHM) of the spectral resonance (λ FWHM,m ) for cladding mode LP 0m , the difference between effective refractive indices of the core and cladding modes (n eff,co , n eff,cl,m ), and the length (L) of the LPFG [2] . That is, 
6 When LPFGs are partially submerged into the liquid by L liquid in length and the other part remains in air, the resonant wavelengths of two fractions of the gratings in liquid and air can be expressed into: 
In the derivation of Eq. (7) 
As a result, sensitivity of the LPFG sensor to the liquid level can be written as: [31] . The higher the cladding mode, the more sensitive the grating is to liquid level [30] . In this study, the RI of target liquids for detection is bounded by those of water and fiber cladding (1.33 for water < n s <1.45 for fiber cladding).
Cross-sensitivity Analysis
By taking derivative of Eq. (9) with respect to n s and introducing Eq. (4), the cross sensitivity effect or the last term of Eq. (3) can be expressed into: 
Simultaneous Detection of Liquid Level and Surrounding Refractive Index with Two Cladding Modes
By introducing Eq. (4), (9), and (11) 
Given the calibration coefficients for various sensitivity terms, the changes in liquid level and refractive index can be simultaneously evaluated by monitoring the wavelength shifts of two cladding modes of an LPFG sensor, LP 0i and LP 0j . In this study, the cladding modes LP 06 and LP 07 were selected for their significant power within the wavelength range of a commonly used broadband light source. In fact, both cladding modes were visible over a 400 nm wavelength range.
SENSOR DEVICE DESIGN

1 Sensor Structure
As temperature and pressure induced strains increase in measurement environment, their effect must be taken into account in Eqs. (2) and (3). In particular, LPFGs are highly sensitive to temperature changes.
A small variation of temperature environment may significantly affect the measurement accuracy for liquid level and surrounding RI. To compensate for environmental effects, a sensor device is proposed as schematically as shown in Figure 1a and it consists of two parallel LPFGs and one glass tube. One LPFG is installed outside the glass tube with two ends bonded on the glass tube, which is referred to as Out-LPFG, and the other LPFG is installed inside the glass tube with two ends of the glass tube sealed, which is referred to as In-LPFG. The Out-LPFG is the major sensing component for a simultaneous 
LPFG Parametric Analysis
For a more accurate measurement, several significant parameters are further studied in this paper including the selection of cladding modes, initial resonant wavelengths, and the fabrication process control.
9 1) Selection of cladding modes: As mentioned in Section 2, when the highest cladding mode of the CO 2 -laser induced LPFG is less than 10 th order [30] , the LPFG has negative sensitivity coefficients both for surrounding RI and liquid level, whose value increases with the order of cladding modes [29] . The negative sensitivity of the liquid level and environmental RI effect results in a downshifting resonant wavelength. The effects of increased RI and liquid level sensitivities are two fold because they increase the measurement nonlinearity and decrease the environmental stability of a sensor device [29] . Thus, the CO 2 -laser induced LPFG with cladding modes of 8 th or higher order shows an extremely high RI sensitivity with high nonlinearity and low stability. For a more accurate piecewise linear approximation for RI detection, an LPFG with cladding mode lower than 8 th order is recommended.
On the other hand, the CO 2 -laser induced LPFG has positive temperature sensitivity for cladding modes lower than 8 th order, which increases with the order of cladding modes [33] . The positive sensitivity results in an upshifting resonant wavelength. The CO 2 -laser induced LPFG has negative strain sensitivity for cladding modes of 5 th or lower order and positive strain sensitivity for cladding modes of higher than 5 th order. The strain sensitivity is two orders of magnitude less than that of the temperature [33] .
The characteristics of the CO 2 -laser induced LPFG with negative liquid level and RI sensitivities versus positive temperature and strain sensitivities can benefit the design of a sensor device in that it enables a more accurate identification of parameters after the initial resonant wavelength of each mode has been reasonably selected. Therefore, to achieve an effective sensor device for simultaneous liquid level and surrounding RI detection, cladding modes LP 06 and LP 07 are selected for both In and Out-LPFG of the sensor device.
2) Initial resonant wavelengths (in air) and coupling between cladding modes: With two sequential inline LPFGs, a strong mode coupling effect is expected between the two adjacent resonant wavelengths, which could lead to erroneous results if not properly taken into account. Thus, the initial resonant wavelengths of various cladding modes used in the proposed sensor device must be carefully selected for accurate measurements. To minimize or eliminate the coupling effect, it is recommended that the two adjacent resonant wavelengths be set apart for an at least full width of the spectral resonance (2λ 
where ΔΛ represents the difference in grating period between Out-and In-LPFG.
The intensity of an LPFG sensor highly depends on the laser power and the radiation points on the fiber in addition to grating period. To achieve a specific intensity of the grating (>-20dB), 80~90 points of the laser radiation were used in sensor fabrication, resulting in a determined grating length L. In this study, LPFG sensors were fabricated by carefully following the published procedure that has been used for other fabrication parameter control [24] . The grating length was clearly marked during the fabrication process to ensure effective experimental validation tests.
EXPERIMENTS AND DISCUSSION
Test Setup and Procedure
Figures 2a and 2b respectively show a schematic view and a photo of the experimental setup for liquid level detection. Three sensor device prototypes were fabricated and tested by placing each of them along the centerline of a scaled plastic tube that was vertically fixed on a holder. For liquid level testing, the liquid was gradually poured at an interval of 1 mm into a plastic tube to simulate an actual change of liquid level.
The In-LPFG was connected to a broadband light source (BLS: Agilent 83437A with 400 nm light spectrum) and the Out-LPFG was connected to an optical spectrum analyzer (OSA: AQ6319 produced by YOKOGAWA). The wavelength monitored in this study ranged from 1260 nm to 1660 nm. All the In-LPFG was fabricated using 80 points of CO 2 laser radiation with a period of 0.375 mm, which amounts to a sensor length of approximately L=30 mm; and all the Out-LPFG was fabricated using 88 points of CO 2 laser radiation with a period of 0.363 mm, which amounts to a sensor length of approximately L=32 mm. 
Surrounding Refractive Index Detection
The spectrum changes of the Out-LPFG with a surrounding RI of 1.33 to 1.44 were firstly simulated for cladding modes LP 06, out and LP 07, out following the procedure in [26, 28] . The filled squares and circles in Figure 3 represent the changes in simulated resonant wavelength of LP 06, out and LP 07, out according to Eqs. (4) and (5) . Their relation with the surrounding RI is nonlinear, particularly towards a large index value. To simplify the simultaneous detection for multiple parameters, K n,m was approximated to a piecewise linear function of the surrounding RI in various ranges as defined in Table 1 . The linear coefficients of various segments or the slopes of K n,m -index curves are also presented in Table 1 . For all segments, the R 2 value exceeds 0.93, indicating a good linear approximation of each nonlinear segment.
To verify the simulated results, tests with the three fabricated sensor prototypes were conducted at constant temperature and surrounding pressure by completely immersing them in various types of liquids for surrounding RI detection. In this case, the spectrum of the Out-LPFG only will potentially change due to the variation of surrounding RIs. The liquids used in these tests included water (n s =1.33), acetone (n s =1.36), decane (n s =1.42), and propylene glycol (n s =1.43). The unfilled squares and circles in Figure 3 represent the resonant wavelength changes measured from the three LPFG sensor devices for cladding modes LP 06, out and LP 07, out , respectively. The upper and lower bounds of each measured RI using three sensors are also presented in Figure 3 . It can be seen from Figure 3 that the simulated results are in good 13 agreement with the experimental data. The slight difference between them is attributed to the potential variation of concentration in the tested liquid that directly affects the refractive index or to the high-order term in the Taylor expansion. 
Liquid Level Detection
The spectrum changes of the Out-LPFG with water level (n s = 1.33) were simulated for cladding modes LP 06, out and LP 07, out following the procedure in [26, 28] . The filled squares and circles in Figure 4b represent the corresponding simulated resonant wavelength changes according to Eqs. (9) and (10 
Cross Sensitivity
To investigate the cross sensitivity of the Out-LPFG for simultaneous liquid level and surrounding RI detection, another set of tests with the three sensor prototypes was conducted by taking into account the changes of both liquid level and surrounding RI at the same time under constant temperature and pressure. To this end, the 0wt.% to 40wt.% sugar solution at 10wt.% intervals was used. The refractive indices of five types of the sugar solution are 1.33, 1.35, 1.36, 1.38, and 1.40, respectively [31] . For each sugar solution, the liquid level was changed from 0 mm to complete immersion by following the test setup and procedure discussed in Section 4.1. Figures 5a and 5b show the resonant wavelength changes of one Out-LPFG with cladding modes LP 06, out and LP 07, out , respectively. As the liquid level rose from the bottom to top across the gratings, the resonant wavelengths of the LPFG sensor first remained nearly 15 constant at low liquid level, then decreased almost linearly, and finally approached to an asymptotic value at high liquid level. 
Environmental effects
To validate the effectiveness of the In-LPFG environmental compensation to other measurements by the Out-LPFG, the three sensor prototypes were tested for various changes of temperature and strain Figure 9 , was directly read from a scaled plastic tube with a minimum mark of 1 mm. Therefore, the liquid level resolution is claimed to be within 1 mm though it is theoretically related to the grating period, Λ. The coefficient of variation of the experimental RI data is 10% without the In-LPFG and is reduced to less than 5% with the environmental compensation by the In-LPFG, proving the effectiveness of environmental compensation strategy in the proposed sensor device.
In addition, a good repeatability of the test data (5% only with the environmental compensation) has been achieved. Figure 9 also shows that the experimental RI is within ±0.005 around the actual RI when the Out-LPFG only was used. With the compensation from the In-LPFG, the maximum difference between the experimental and actual RIs is reduced to be within ±0.002 or 5% of the actual value. The 5% variance in RI is likely attributed to such factors as the resolution of the grating output recording, the variance of the liquid refractive index to the reference data, and the high-order terms in the Taylor expansion. 
